Introduction
Steroid hormones are crucial factors responsible for the regulation of metabolism in both the plant and animal kingdom. In mammals, sex hormones (estrogens, androgens, and progesterone) and corticoids belong to the steroid hormone group. They control reproductive processes as well as protein, sugar, and mineral management [1] [2] [3] . Insect development is regulated by a class of steroids called ecdysteroids [4] . Brassinosteroids are important plant steroid hormones responsible for growth, yield formation, and stress response [5, 6] . Continuous research has led to new discoveries and the revising of existing information concerning the occurrence and the role of these steroids in living organisms. For example, it was found that ecdysteroids are also produced by plants probably as plant defence compounds against insect herbivory [7] . On the other hand, the presence of mammalian sex hormones (MSH) in plants was postulated in the early twentieth century but only proven with the use of modern analytical methods relatively recently [8] [9] [10] . The presence of MSH can influence plant physiological processes but their role in plants is not yet completely understood. The literature data on MSH in plants is rather scarce. The growth of the shoots, roots, the pollen tube as well as flowering of plants is stimulated by MSH [11] [12] [13] . This activity classifies those specific for mammals steroids to a group of plant growth regulators. In addition to the studies concerning the impact of MSH on plant development, a new interest has developed in recent years concerning the investigation of the antistress activity of these compounds. Erdal [14] found that salt stress is ameliorated by MSH (including one of the androgens -androsteron) through the increased content of sugars, proline, chlorophylls, and the activity of antioxidant enzymes, in wheat. The activity of antioxidant enzymes in chickpea is also stimulated by MSH [15] . Mammalian sex hormones reduce permeability of cell membranes and improve the efficiency of energy flow in photosystem II in Arabidopsis thaliana L. during bacterial infection [16] .
The occurrence of drought is a limiting factor for agriculture in many parts of the world. Much of Europe is now gripped by severe water shortages -and it is becoming an increasingly common problem. Agriculture and industry in southern Spain and Portugal were hit by severe drought in 2004. Poland, France and the UK had similar problems in 2006. Drought causes a reduction in plant biomass production and lowers plant yield quantity and/or quality. From the physiological aspect, water deficit can affect photosynthesis directly by causing changes in plant metabolism (i.e., a lowering in activity of enzymes of photosynthetic pathways) or indirectly by limiting the amount of CO 2 available for carbon fixation. While trying to aid agriculture, science has offered various methods to overcome drought or at least limit its effects on plant cultivation. Crop varieties which have been found to be more tolerant of water deficit have been introduced. Seed priming treatments using water [17, 18] or treatments for growing plants with anti-stress regulators such as ABA, salicylic acid, brassinosteroids and even silicon have been tried [19] [20] [21] [22] [23] . As mentioned above, the first attempts to use MSH to reduce the effects of stress in plants were made recently. Yet, there is still limited information about the mechanism of the MSH action in plants. In animals and humans, androstenedione (one of MSH) -is an intermediate in the biosynthesis of testosterone and estrogens [24, 25] . Androstenedione (AN, Figure 1 ) was also found in these plants: Nicotiana tabacum L. and Inula helenium L. (7.69 and 11.18 pmol/g of fresh weight, respectively) [10] . As for the activity of AN in plants, it is only known that this steroid stimulates flowering [26, 27] . The effect of AN as an antistress agent has not been previously studied.
The aim of the present studies is to assess the possibility of compensating the negative effects of drought stress on gaseous exchange and efficiency of photosystem II in soybean seedlings by application of the androgen -androstenedione.
Experimental Procedures

Plant culture
After sowing soybean seeds (Augusta cultivar) in soilfilled pots, the seeds germinated in a growth chamber (darkness, 25 o C, humidity 65%) over a period of 5 days. The pots were then moved to a greenhouse. Plants were cultured in the greenhouse to the end of the experiment (including drought period) under natural light conditions (May, latitude: 50°03' North, longitude: 19°55' East, ~15 h photoperiod) at a day/night temperature, 24/20 o C and humidity 50%. Soil used in the experiment was a commercial product based on decomposed peat, pH 5.5-6.5 ("Sterlux", Pasłęk, Poland). Androstenedione (Sigma-Aldrich, Poznań, Poland) was applied via presowing seed soaking. The stock solutions of AN were first prepared by dissolving 2 mg of substance in 1 cm In this experiment, apart from the two groups of plants exposed to AN (AN ET and AN DMSO ), four groups of controls were used. Available data shows that solvents (ethanol, DMSO) themselves may influence plant physiological processes or modify the activity of tested steroid [28] .
On the 12 th day of growth, the plants were watered for the last time. Drought symptoms occurred during the next 10 days (in the last 5 days, gradual plant wilting was observed). During the 10 day period, plants were watered only when compensating for the possible irregular water loss between pots. On the 22 nd day of growth, the first leaf gaseous exchange measurements were taken as well as measurements of PS II efficiency. Afterwards the plants were watered. Two days later (on the 24 th day of growth), measurements were taken again.
Measurement of gaseous exchange
Measurement of the gaseous exchange of leaves was taken with the use of the gas analyzer (Li-6400, Li-Cor, Lincoln, Ne, USA) equipped with the standard Li-6400 leaf chamber and a LED light source (6400-02). The CO 2 concentration during measurement was maintained at 380-400 ppm. Respiration measurements were done in darkness, whereas measurements of the net photosynthesis, transpiration, internal leaf CO 2 concentration and stomatal conductance were taken under conditions of photosynthetically active radiation (PAR) 600 μmol photons m -2 s -1 . The measurements were done in 10 replications (1 replication = 1 leaf).
Measurements of photosystem II efficiency (chlorophyll a fast fluorescence)
Chlorophyll a fast fluorescence giving information about photosystem II efficiency, was measured with a Plant Efficiency Analyzer (PEA; Hansatech Ltd. King's Lynn, Norfolk, England) with the excitation light intensity of 3 mmol m -2 s -1 (peak 650 nm). The leaves were measured after 30 minutes of adaptation to darkness (clips with a 4 mm diameter hole) at a temperature of 20°C. Fluorescence intensity was measured with a PIN-photodiode and changes in fast fluorescence were registered during illumination from 10 µs to 1 s. During the initial 300 µs, data were collected every 10 µs, and after this period the frequency of measurements was reduced automatically. Based on the fluorescence curves obtained, the following technical fluorescence parameters were extracted using the software Handy PEA (Software Ver: v1.30, Hansatech Instruments Ltd.), and calculated according to Strasser et al. [29] . Fo -fluorescence intensity at 50 µs (it was assumed that at the time all PS II reaction centres (RCs) were open), Fm -maximal fluorescence intensity (all RCs closed), Fv -maximal variable fluorescence (Fm-Fo), F 300 -fluorescence intensity at 300 µs, F J -fluorescence intensity at 2 ms, V J (relative variable fluorescence)=(F J -Fo)/(Fm-Fo), Mo=4(F 300 -Fo)/(Fm-Fo), Mo is the initial slope, which is a measure of Q A (primary bound plastoquinone) reduction in the first 300 µs. Based on data extracted from the fast fluorescence transient, the following parameters of PS II efficiency (phenomenological fluxes or phenomenological activities) were calculated based on Strasser et al. [28] : energy absorption ABS/CSm=Fm, where CS is the cross section of the sample; energy flux for trapping TRo/CSm=Fv/Fm(ABS/CSm); energy flux for electron transport ETo/CSm=(Fv/Fm)(1-V J )Fm; energy dissipation DIo/CSm=(ABS/CSm)-(TRo/CSm).
Unfavourable plant growth conditions alter the transients of fluorescence curves. Alterations in the fluorescence curves are connected with changes in the positions of the "F" points. These changes in the positions of the "F" points have an effect on the calculated values of phenomenological fluxes [29] . The analysis was done in 15 repetitions (1 repetition = 1 leaf).
Results
The effect of mammalian androgen (androstenedione) on the intensity of photosynthesis, transpiration and dark respiration as well as on the PS II efficiency at the time of drought, and after the soybean plants were watered was determined.
The value of net photosynthesis for plants grown from unsoaked seeds (the absolute control) was assumed to be 100% (Table 1 ). In the case of drought stress, the values of the net photosynthesis of plants from the water control and from AN DMSO were almost twice as high as the net photosynthesis values of the absolute control (Table 1 ). In the case of the other treatments, net photosynthesis intensity did not differ significantly from the value obtained for the absolute control. In drought conditions, values of transpiration and stomatal conductance in the absolute control as well as in all the other treatments were similar. The lowest values were noticed in the ethanol control (Table 1) . Leaf internal CO 2 concentration was more then 200 ppm for the absolute control, AN ET , the DMSO control, and AN DMSO. For the water and the ethanol control, leaf internal CO 2 concentration was significantly below 200 ppm (Table 1) . Dark respiration intensity for all plants exposed to drought was on a similar level and only slightly changed after watering.
After plant rehydration, the net photosynthesis value increased a significantly ( Table 1 ). The highest photosynthesis intensity was found in plants grown from seeds soaked in the solution of AN DMSO , where net photosynthesis was almost twice as high as in the absolute control. Plants, of which the seeds were previously soaked in just water or in a solution of DMSO or in a solution of water-ethanol-AN (AN ET ), also had increased values of net photosynthesis compared to plants of which the seeds were not soaked before sowing. Plants from the ethanol control had lower values of net photosynthesis than plants in the water control but the addition of AN (AN ET ) compensated for this effect. Transpiration intensity and stomatal conductance increased after watering the plants (Table 1) , similar to the changes in net photosynthesis. The most effective treatment was always AN DMSO . After the plants were watered, the leaf internal CO 2 concentration was 209-236 ppm (Table 1 ). In the following controls: water, ethanol, and DMSO control, the value of the leaf internal CO 2 concentration increased in comparison to the value noticed during drought. In the rest of the treatments, the leaf internal CO 2 concentration decreased.
Values of parameters describing PSII efficiency (phenomenological fluxes or phenomenological activities: ABS, TRo, ETo, DIo) were generally higher in rehydrated plants than in plants exposed to drought (Table 2) . For example, after rehydration, the value of energy flux for electron transport (ETo) increased by about 30% (average for all tested treatments) while energy loss (DIo) decreased by about 5%. No impact of androstenedione on PSII efficiency was observed in drought-stressed or in watered plants. In drought conditions, values of energy absorption (ABS) and energy flux for trapping (TRo) of leaves from the ethanol control were slightly lower in comparison to other treatments. The compound AN in treatment AN ET showed activity compensating for the lower effect (Table 2 ).
Discussion
This work is devoted to studying the anti-stress activity of the human androgen -androstenedione. This is first time in agricultural studies that androstenedione was used as a regulator with potential protective properties against the negative effects of drought in plants. The compound was tested in a soybean pot experiment, and applied via presowing seed soaking (seed priming -controlled hydration followed by drying). Two main conclusions were formed from the data. First, seed priming in water improves the efficiency of the net photosynthesis of plants in drought conditions and after rehydration. Secondly, AN stimulates net photosynthesis in soybean. This stimulus effect is not visible during drought stress but appears after the watering of plants. Moreover, this effect depends on the solvent in which the steroid stock solution was prepared. AN improves the efficiency of net photosynthesis, but only when DMSO is used as the solvent. Since AN allows a much more intensive net photosynthesis after plant rehydration, we can say that AN facilitates the process of recovery in soybean. After all the tested plants had been watered, the leaf internal CO 2 concentrations were found to be on a similar level (slightly above 200 ppm). In the same plants, large differences were observed in transpiration. In the individual treatments, transpiration changes were similar to dynamic changes in net photosynthesis. It can be assumed, therefore, that the regulation of water management and the impact of chemical regulators or the priming process on this management could be the basis for changes in the intensity of net photosynthesis. Water flow in the plant, together with the hydration of tissues and cells, is dependent on the presence and functioning of water channels -aquaporins. Aquaporins represent an important selective pathway for water to move across plant cellular membranes according to a water potential gradient [30, 31] . There are many types of aquaporins and their functioning depends on gene expression or is regulated by physiological mechanisms (phosphorylation, pH, Ca +2 ) [31, 32] . The role of aquaporins in plant adaptation to drought stress has been shown in a few studies. Arabidopsis plants with a reduced expression of genes encoding aquaporins PIP1 and 2 after the withdrawal of drought showed a reduced transpiration and turgor recovering difficulties [33] . Under optimal conditions and salt stress, tobacco plants overexpressing the aquaporin gene NtAQP1 had increased water use and increased net photosynthesis [34] . It has been shown that gene expression of aquaporins in plants occurs in the early stages of seed germination [35] . Expression of these genes is additionally stimulated by seed soaking in an ABA hormone solution [35] . Plant steroid hormones (brassinosteroids) stimulate the activity of aquaporins [36] . In mammals, steroid hormones -both estrogens and androgens -stimulate the expression of aquaporins in cells [37] . These aquaporins are responsible for the flow of water between cells.
In plants, another fact worth noting is that aquaporins transport water but also serve as CO 2 transport channels. Such action also gives a physiological basis for the increased intensity of net photosynthesis [34] .
Based on the results obtained in this work, we postulate that water and AN seed priming increase the number of aquaporins and/or their activity which improves water transport (and maybe also CO 2 ) into the cells. A higher net photosynthesis intensity of plants is, thus, possible to achieve.
Besides gas exchange effectiveness, the efficiency of energy transfer in photosystem II (PSII) was also studied. Changes in PS II efficiency in plants during drought and after plant rehydration were not significant. It follows, that the flow of energy in the light phase of photosynthesis was not significantly disrupted. Probably the level of stress intensity achieved in the experiment was not extreme for soybean plants. It is likely that adaptation of plants to an average drought or a weak drought was more due to stomatal limitation than inhibition of metabolic processes [38] . When all the treatments were compared to each other, one exception stands out -that ethanol control plants had a slightly impaired efficiency of PSII energy flow. Such an impairment points to a possible alcohol-induced destabilization effect on the cell membrane. There are localized proteins in the cell membrane involved in electron transport chains during photosynthesis. The addition of alcohol has long been known to result in dehydration of the membrane [39, 40] . Ethanol appears able to cause structural changes in cell membranes that result in increased permeability and denaturation of associated proteins [41] . Interestingly, in our experiment, AN application (treatment AN ET ) resulted in a restoration of PS II efficiency to the standard level (the absolute control or the water control). It is important to note that increasing the sterol-lipid ratio by adding cholesterol, sitosterol or stigmasterol results in a more condensed structural arrangement of the membrane which was able to overcome the negative effect of alcohol [39] . It is highly probable that androstenedione as a steroid compound with a structure similar to sterols, may also have a stabilizing effect on membranes [39] . In this context, we return again to the above-mentioned negative effects of the traces of ethanol, used for seed priming, on transpiration and net photosynthesis of plants. This effect was alleviated by AN, in the case of the AN ET treatment. Membranes are the place of occurrence and activity of aquaporins. The assumption that ethanol destabilized the membrane functions, supports the hypothesis about the role of these channels for improving transpiration and net photosynthesis, as observed in the experiment. Androstenedione, probably through the membrane stabilizing effect, neutralized the influence of ethanol in a similar way as the sterols did in the work of Grunwald [39] .
Besides the proposed mechanism of androstenedione's impact on aquaporins (expression/ activity/functionality in membranes), there it is also a possible mechanism of increasing RUBISCO activity (CO 2 binding enzyme). Stimulation of RUBISCO activity by steroids could be significant for the improvement of net photosynthesis. Other plant steroids -brassinosteroids, stimulate the activity of RUBISCO in plants [42] . For this reason, it cannot be excluded that in this case, AN leads to an increase in the intensity of binding of CO 2 .
It is also necessary to address the problem of place and time of solvents (ethanol and DMSO) and steroid action on the plant. There are two main scenarios: (1) Solvents and steroids affect seeds only during imbibition, and are not transported into new growing tissues. The solvents and steroids, however, cause the biochemical or biophysical results of a subsequent character for plants. (2) Compounds penetrate the plant tissues during seed imbibition, then are transported into the seedling and are responsible for physiological effects during seedling development and seedling response to stress. A more likely possibility seems to be the second, especially in relation to androstenedione. Earlier studies on another steroid -24-epibrasinolide -showed that during seed priming, small amounts of an applied chemical can be taken up by seedlings although it is not accumulated in the seed yield [43, 44] . Exogenous ethanol has been shown to penetrate plant tissues [41, 45] and is metabolized to other organic compounds: organic acids, aminoacids, acetone and even CO 2 [46, 47] . While observing the phenomena associated with the action of ethanol, it is important to note that small amounts of solvents can modify the physiological response of a plant. For this reason, carefully appropriate controls should be chosen. In our presented experiment, it would be impossible to prove AN action if only ethanol had been used as a steroid solvent.
In conclusion, androstenedione applied to the presowing soaking treatments of soybean seeds improves the intensity of leaf net photosynthesis. The effect of AN is manifested during the rehydration of plants that have undergone a period of drought. An increase in net photosynthesis intensity accompanies higher transpiration. There are, however, minor changes in leaf internal CO 2 concentration. These actions allow for the formulation of the hypothesis that AN has an impact on water management. The expression of genes of aquaporins or aquaporin activity is probably AN influenced. On the other hand, this compound may act as a stabilizer of cell membranes which are endangered by the dehydration process occurring in tissues during a drought. It is possible that AN indirectly affects the functioning of various physiological processes associated with the role of membranes. As a regulator counteracting the effects of drought stress, AN may qualify as a subject for further research. Perhaps in the future AN may be recommend for practical cultivation use.
